Although predicted for light [1] , wave bullets − stable two-dimensional nonlinear wave packets self-focused in space and time − were first experimentally observed in the system of spin waves in yttrium-iron garnet (YIG) films [2] . The experimental investigation of wave bullets in magnetic films has the advantage of direct two-dimensional access to the medium and of the possibility to follow the bullet formation and propagation in real time due to its relatively low speed (compared to the speed of light) using the space-and time-resolved Brillouin light scattering technique [3] . An additional advantage is the fact that in garnet films it is possible to realize an effective parametric interaction of a propagating spin-wave packet with non-stationary (pulsed) electromagnetic pumping [4] .
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Although predicted for light [1] , wave bullets − stable two-dimensional nonlinear wave packets self-focused in space and time − were first experimentally observed in the system of spin waves in yttrium-iron garnet (YIG) films [2] . The experimental investigation of wave bullets in magnetic films has the advantage of direct two-dimensional access to the medium and of the possibility to follow the bullet formation and propagation in real time due to its relatively low speed (compared to the speed of light) using the space-and time-resolved Brillouin light scattering technique [3] . An additional advantage is the fact that in garnet films it is possible to realize an effective parametric interaction of a propagating spin-wave packet with non-stationary (pulsed) electromagnetic pumping [4] .
Here, in contrast with the traditional method of spin-wave bullet formation from an initially nonlinear input spin wave packet directly excited using a microwave antenna, we report the experimental generation of two-dimensional spin wave bullets in both amplified and phase conjugated reversed wave packets formed as a result of parametric interaction of an initial spin wave packet with electromagnetic pumping of double frequency.
The experiment utilized a spin-wave waveguide situated on top of a microstrip structure as shown in Fig. 1 , which was designed for transformation of an electromagnetic signal into spin waves and vice versa. Two microstrip antennae of 25 µm width and 2 mm length spaced 8 mm apart were lifted 100 µm up above the surface of the structure to avoid the direct contact of the YIG film with the other parts of the circuit and, as a result, to eliminate any undesirable excitation of parasitic spin waves by the microstrip feeders. One of the antennae was used for excitation of spin waves, while the second was used for real time monitoring of the propagated spin wave signal. netization is 4πM s = 1750 G and the full linewidth of ferromagnetic resonance is 2∆H = 0.6 Oe. The sizes of the waveguide were chosen to be larger than the sizes of the antennae, the distance between them, and the characteristic length of non-linear packet formation [5, 6] .
A rectangular dielectric resonator of a special shape was developed to create a pumping magnetic field inside the YIG film. The resonator sizes are 1 × 9.45 × 5.85 mm 3 . The waveguide was mounted in a thin (0.8 mm) slot in the center of the resonator, where the intensity of the rf magnetic field of the used resonator mode TE 11δ has its maximum. In this case the pumping magnetic field is applied along the long side of the waveguide and parallel to the direction of spin wave propagation. The resonance frequency and loaded quality factor were equal to f p = 7.932 GHz and 184, respectively.
The bias magnetic field H 0 was applied along the z axis (see Fig. 1 ), i.e., in the plane of the film and perpendicular to the antennae. Thus, as the thin microstrip antenna excites efficiently only dipolar dominated spin waves propagating perpendicularly to the antenna's axis, the geometry of the experiment corresponds to magnetostatic backward volume waves (MSBVW). These waves are able to form envelope bullets. Note here that in this geometry the rf pumping magnetic field coincides with the direction of the bias field, and thus the case of a parallel pumping is realized [7] .
The MSBVW packets were excited by the rectangular electromagnetic pulses of duration 30 ns with carrier frequency f s = 3.966 GHz and varying power P in . For the applied bias field H 0 = 800 Oe the excited MSBVW packets have a carrier wave number of k z = 95 rad/cm. Using the space-and time-resolved BLS technique [3] two-dimensional maps of the spin wave intensity I(y, z), each sampled over a time interval of 1.7 ns, were recorded. Using these maps the mean packet position (z 0 (t), y 0 (t)) and the transverse packet width L y as well the longitudinal length L z can be easily determined as functions of the propagation time and distance [8] .
The pumping pulse with duration of 39 ns and peak power 30 W was applied when the spin-wave packet passes through the dielectric resonator. As a result the maximum amplification of the delayed pulse observed on the output antenna reached 27 dB. Simultaneously with the amplification of the input spin-wave packet the reversed spin wave packet propagated in backward direction with respect to the initial packet was formed by strongly amplified thermal spin waves. The amplitude of these packets depends both on the power P in of the input pulse and the pumping power.
To avoid overheating of the sample around the resonator as well as other uncontrolled effects the pumping power and duration were fixed and the amplitudes of the amplified and reversed pulses were controlled only by the variations of P in in the range from 2.2 mW to 700 mW.
First, let us consider spin-wave bullet formation from a spin wave packet on the way to the resonator. The evolution of the incident packet as a function of the input power 2.2 ≤ P in ≤ 22 mW is characterized by a monotonic widening of the packet (see curve 1 in Fig. 2a) . A further increase of the input power up to 226 mW leads to a pronounced nonlinear compensation of the transversal widening of the packet followed by spin-wave bullet formation. Increasing P in above 500 mW results in strong transversal compression of the spin wave packet followed by its fast collapse and destruction. A systematic oscillatory behavior of L y shown in Fig. 2a is caused by the interference of a few spin-wave width-modes in the YIG waveguide [9] .
As a result of the parametric interaction with the microwave magnetic field in the region of the dielectric resonator the propagating spin wave packet increases its length and width. Just behind the resonator (as it is seen in Fig. 2b ) the widths L y both of the previously linear (curve 1) and of the nonlinear (curves 2-3) spin wave packets are practically identical. However, the further behavior of the amplified spin wave packet depends on the power. At the same time the main features of the packets' evolution are common for all input powers P in , as seen in Fig. 2b . First, the amplified packet is essentially transversally compressed. Second, the compressed packet keeps its width for a long propagation path. For example, in the case of P in = 226 mW the propagation distance, where the packet width L y is practically constant, is about 1.5 mm (marked with two vertical arrows in Fig. 2b ).
As it is seen in Fig. 2d the described process of the transversal narrowing is accompanied by a simultaneous decrease of the spin-wave packet length L x and increase of the packet intensity, which is due to the strong spatial concentration of the spin wave energy.
Thus, the process of spin-wave packet compression has a two-dimensional character and leads to the formation of the stable two-dimensional nonlinear spin wave excitation, the spin wave bullet.
As the input power P in increases the compression process develops faster and the compression degree rises (Fig. 2b ). An increase of P in above 300 mW results in a wave collapse and breaking of the packet into parts.
The behavior of the reversed spin wave packet is even more intriguing. Due to two-dimensional phase-conjugation by means of parametric interaction, a distinct transmission narrowing is observed even for quasi-linear packets (see curve 1 in Fig. 2c ). Comparing the slopes of the curves 1 in Fig. 2a and Fig. 2c one can conclude, that the above effect is the counterpart of the diffraction broadening of the initial spin wave packet. An increase of P in involves an additional nonlinear self-focusing of the spin wave packet in the process. It is remarkable that not only the compression develops faster, but, as it is shown in Fig. 2 , the strongly compressed reversed spin wave packet moves as a solitary stable two-dimensional excitation. The broadening of this nonlinear reversed spin wave packet (see curve 2 in Fig. 2c ) is much slighter in comparison with its previous compression and is caused by the diffraction which plays a more and more important role with dissipation of the spin-wave packet energy and the diminishing influence of the nonlinearity. Thus, Fig. 2c clearly demonstrates that there are profound regions of propagation distances (or times) where the transverse sizes of the reversed wave packets are almost constant, i.e., where propagation of self-generated bullets is observed.
Thus, for the first time we have observed bullet formation both by parametrically amplified spin wave packets and by the phase conjugated spin waves parametrically generated from the thermal level.
